I. INTRODUCTION
In recent years, the new material graphene that is composed of a single or a few layer(s) of sp 2 hybridized pure carbon atoms arranged in a regular hexagonal honeycomb pattern gained an increasing interest for many research fields due to its unique mechanical, electrical, chemical, and thermal properties. 1, 2 Furthermore, it provides an ideal base for many electronic systems. 3 For chemical characterization of graphene, numerous common tools, such as IR, UV-vis, Raman, and electron spectroscopic, electron and scanning-probe microscopic techniques have been extensively used. Among them, Raman spectroscopy is a convenient and well-established one to analyze graphene and its derivatives. Using this method, it has been claimed that both quality of synthesized graphene layer and number of (a few) layers can be identified by comparing the intensity ratios of two main features G and 2D in the spectra. 4 Additionally, the presence of D and D 0 bands in the Raman spectrum, which are also called defect activated bands, indicates the change in sp 2 hybridized structure of graphene. [5] [6] [7] Hence, Raman spectroscopy can also give information about defects, impurities, oxidation, etc. 8, 9 The nondestructive nature of the technique is also an advantage. On the other hand, conventional Auger and x-ray photoelectron spectroscopic (XPS) analyses are generally performed to probe chemical composition and elemental analysis of graphene materials and devices. One particular advantage of the electron spectroscopic techniques, in general, and XPS, in particular, is their ability to reflect the local electrical potential: (1) developed as a result of charging due to photoelectron emission, and/or (2) externally applied electrical signal to the sample, since the kinetic energy of the emitted electron is directly affected by it. The latter has been extensively utilized to probe into chemically addressed electrical properties of materials and devices under operation by our group over the last 10 years. 10 In real-life samples and devices, the graphene structures always contain morphological and structural defects that can be formed during growth and/or processing, which drastically affect the performance of graphene-based devices.
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The chemical defects in graphene are generally referred to anything that changes the sp 2 carbon-hybridization. The amount and nature of defects depend on the synthesis method. However, such deviations from the ideal structure are not always unwelcomed for they can be useful, rendering new properties and potential applications. For instance, it was previously shown that defective graphene becomes chemically more reactive and magnetically susceptible with respect to oxidation, which makes the defective graphene a prospective magnetic carbon. 12 That is why large efforts have been made to further modify and functionalize its properties with controlled introduction of defects in graphene by exposing it to light, introducing foreign atoms or ions, etc. [13] [14] [15] [16] Since the properties of graphene are strongly related to the morphology, locating and understanding the nature of defects is vital for promoting its widespread applications. a) Electronic mail: suzer@fen.bilkent.edu.tr Lucchese et al. proposed a method to quantify the density of disorder in graphene created by controlled doses of Ar þ bombardment using Raman spectroscopy. 7 A study of the evolution of Raman spectrum of graphene samples with different types and amount of defects has been recently reported for sp 3 type defects which were introduced by mild oxidation, vacancy-type defects produced by Ar þ bombardment, and also for the defective pristine graphene produced by anodic bonding. 17 They showed that the intensity ratio of the D to D 0 peak was around 13, decreased to 7 for vacancylike defects, and reached a minimum of 3.5 for graphitelike structure. Another group reported the in situ electrical analysis of graphene transistor during etching with a helium ion beam. 18 However, all of these studies focus on the atomic level defects and cannot give information about large defects on macroscopic level, which are mostly unavoidable for larger samples.
In this study, we employ different methodologies for detecting different types of large area structural/morphological defects and evaluating their effects on the electrical properties of the devices based on graphene films in an elementspecific fashion by the application of external voltage bias while recording XPS data. Using the observed shifts in the C1s position, as a result of the applied bias, we previously showed that the electrical potential variations were uniform across the entire surface of a relatively defect free graphene layer, and not so uniform in an oxidized one, because of the morphological defects created by the oxidation process. 19 In a recent publication, we used the method to reveal graphene-substrate interaction in graphene devices fabricated on the C-and Si-faces of SiC. 20 In this work, we use the method to study the nature of the defects on three different graphene surfaces some of which are created intentionally. As we will demonstrate below, our facile and controllable method amplifies further the appearance of morphological disorders and helps understand their role in electrical performance of the devices.
II. EXPERIMENT
Graphene layers used in the devices were grown on copper foils by chemical vapor deposition at 1035 C under 10 Torr pressure. Partial pressures of CH 4 and H 2 gases were set as 3 and 7 Torr, and corresponding flow rates were 40 and 80 sccm, respectively. After the growth, the graphene layers were transfer-printed on commercial glass substrates and/or silicon wafers by using an S1813 photoresist (PR) as a mechanical support for graphene. This process is accomplished by spin coating graphene-copper foils with a thin layer of photoresist, and copper was completely etched away with FeCl 3 solution. After the etching step, the PR layer with graphene, applied on desired substrates, was heated to 80 C to release the PR. Finally, the residues of PR layer were removed by dissolving in acetone. We used Raman spectroscopy to evaluate the quality and uniformity of the graphene samples. To intentionally oxidize the graphene layer, a single drop of 35% hydrogen peroxide (Merck, Darmstadt, Germany) is used in air. In order to apply an external bias, two gold electrodes were fabricated using standard UV-photolithography and metallization technique.
XPS measurements were carried out using a Thermo Fisher K-Alpha photoelectron spectrometer with a monochromatic Al Ka X-ray source. The instrument was slightly modified to allow the application of an external voltage of þ6 V to the sample during data acquisition. The voltage was applied from one of the gold electrodes while the other one was grounded. The spectrometer is equipped with a lowenergy flood-gun (FG) facility for charge neutralization, which is quite helpful in distinguishing between graphene covered and uncovered (bare glass surface) regions. The details of the FG parameters are given in the supplementary material. 22 An Ar þ ion gun was used to create intentional point and/or line defects on the sample with 3.5 lA beam current and spot size <500 lm. Raman spectra, which were obtained by a Witec Raman Spectrometer equipped with 532 nm laser, were also used to evaluate the equality of the transferred graphene and to monitor defects.
Three different samples to be presented below are chosen among the many we have studied over the years, to represent three different spectroscopic challenges. The details of the samples will be given at the appropriate places within the text.
III. RESULTS AND DISCUSSION
In many of the CVD grown graphene films on glass, we encounter ruptured regions (RGs) on the surface formed during transfer or other processes employed in fabricating devices. On the other hand, we also employ chemical oxidation and/or reduction locally or globally on graphene samples/ devices. As a first demonstration of our methodology, we present a challenging XPS analysis of a sample containing both a RG and a large oxidized spot on the graphene layer on glass substrate, as schematically depicted in Fig. 1(a) .
A. Charge-contrast XPS to locate and differentiate defects
In a typical analysis routine for locating defects, one usually employs XPS areal maps of C1s and O1s together as also shown in Fig. 1 for this sample, where the color bar reflects the intensity of the peaks. The inspection of the C1s areal map in the presence of low energy Flood Gun with 10 lA emission displayed in the upper graph of Fig. 1(b) shows a region with smaller carbon intensity, hinting the presence of a ruptured region. However, one must be cautious since carbon signal is observed in each and every sample due to the presence of adventitious carbon, even if no graphene is present. Hence, the analysis of C1s-signal only is not sufficient for validating the location of the RG. Two regions are observed to have larger O1s signal, the position of only one of which is negatively correlated with the C1s signal. Since the probe length of XPS is $10 nm, O1s signal of the glass substrate is also observable; hence, the analysis of O1s-only is not sufficient either, due to the inability of distinguishing the chemical nature of O1s peak observed. At this point, we turn to the charging properties of different parts of the sample by disabling the charge compensation with the flood-gun, where C1s and O1s areal maps are shown in Fig. 1(c) . As it is known, XPS analysis of insulator surfaces like glass is always difficult due to the charging, but luckily the presence of a thin layer of graphene enables one to investigate the insulating substrates, since graphene provides a blanket of conductivity, which was demonstrated in our previous study. 19 Therefore, without charge compensation, the presence of the RG becomes apparent, because of the observation of very weak signal from both C1s due to lack of any graphene layer and O1s due to the charging of the sample, whereas the O1s signal is enlarged in the region where the chemical oxidation is performed. Therefore, the laterally determined negative correlation between the C1s and O1s signals, together with the charging property can successfully be used to locate and differentiate the abovementioned two different types of morphological disorders.
Additional confirmation comes from the Raman spectra of the same sample recorded from the pristine and oxidized regions, as shown in Fig. 1(d) . In the spectrum, the most intense features are the G band at $1600 cm À1 and 2D band at $2700 cm
À1
. The G band is due to Raman active doubly degenerate E 2g mode and the 2D band corresponds to overtone of the D band. 21 Smaller intensity D band at $1350 cm À1 is due to the second order of zone boundary phonons. For the defect free graphite or graphene layers, the zone boundary phonons are inactive due to the Raman fundamental selection rule, which is relaxed and activated in the defected graphene.
5,21 D 0 is considered another defect induced feature which appears at $1620 cm À1 . 5 Hence, the increase in the intensity of the D and D 0 bands in the spectrum after oxidation of graphene indicates introduction of further defects.
B. Voltage-contrast XPS to amplify defects
When conducting materials are subjected to current flow by use of a voltage bias, additional information is obtained from inspection of XPS peak positions. In Fig. 2(a) , we display areal maps of C1s and O1s peak positions, recorded in the snap-shot mode of the instrument with 100 lm x-ray spot size, when both electrodes are grounded and no current flows through the graphene layer(s) on a silicon oxide substrate. As seen from the figure, deviations in the C1s position is less than 0.1 eV from its mean value of 284.7 eV throughout the entire graphene surface having an overall resistance of 330 X of a pristine CVD grown graphene sample. Variations in the position of the O1s peak representing the substrate conform to the graphene overlayer and display also $0.1 eV deviations from the mean value of 532.6 eV. In short, if no current is forced to flow, the graphene layer is perceived as an extremely smooth one, judging by the binding energies of C1s of the graphene layer, and also O1s of the substrate.
However, the appearance of morphological abnormalities are amplified, when the external bias is applied across the gold electrodes to induce the current flow, and the variations in the binding energy positions of the C1s and O1s peaks are displayed, as shown in Fig. 2(b) . The increase in such variations is not only visible to the eye but can also be quantified by the computed standard deviations, as also given in the figure. The procedure of computing standard deviations is described in detail in the supplementary material section. 22 Figure 2(c) shows the same areal maps after the sample was subjected to a mild oxygen plasma treatment, upon which the resistance jumps to 4 kX. Detailed XP spectra of the C1s and O1s regions recorded in the conventional scanning mode of the slightly oxidized and pristine graphene are given in the supplementary material section as Fig. S1 . 22 The increase in the resistance parallels the increase in the computed standard deviations from 0.1 to 0.4 for both the C1s and O1s peak positions, supporting the fact that the mild oxidation introduces sp 3 and other types of defects. 4, 5 The important result of such measurement is the utilization of voltage bias to amplify the otherwise hidden defect structures in the graphene layer. Another outcome is the visualization of the increased electrical resistance of graphene by the plasma oxidation, and semiquantitative correlation of it with the resultant larger local potential variations from the mean by the computed standard deviations. These findings are also corroborated with Raman measurements, shown in Figs. 2(d) and 2(e) for the pristine and the oxidized graphene samples, respectively. The pristine sample has only the G and 2D peaks, but after oxidation, D and D 0 bands appear again with a significant decrease in the intensity of 2D peak, and also a shift to higher frequency, in agreement with the results reported for oxidized sp 3 -defective graphene. 4, 5 C. Ion gun to create defects and induce fatal performance
In the literature, the defects created by Ar þ bombardment are referred as vacancylike defects, and the intensity changes of the Raman peaks for this type of disorder have been well studied. 12, 13 Therefore, another graphene device fabricated on a silicon oxide/silicon wafer was etched by the ion gun for the creation of additional defects. First, graphene was exposed to the Ar þ ion beam directed to a point on the surface with 200 eV energy and for duration of 5 s, as illustrated in Fig. 3(a) . The formation of a circle-shaped defect is clearly evident in the small (50 lm x-ray spot size) areal mapped binding energy positions of both the C1s and O1s under the application of þ6 V to the device as shown in Figs. 3(b) and 3(c) , respectively. Since the area is selected to be small for better visualization of the circular defects, the binding energy difference is only 3.0 eV in this range, but still a full 6.0 eV difference across the electrodes is measurable. On the other hand, an Ar þ -bombardment along the line in the middle of the device creates a fatal line defect, resulting in a sharp voltage drop in the recorded peak positions of both the C1s and O1s peaks, as shown in Figs. 3(e) and 3(f) . Surprisingly, after the creation of this fatal line defect, the resistance between the electrodes was measured as 6 kX. When C1s intensity and binding energy is recorded in the whole area of the device, instead of the created line wide as in Figs. 3(e) and 3(f), shown in Figs. 3(h) and 3(i), respectively, the passage of current around the fatal trenchlike defect region can be seen clearly, which explains the persistence of the finite resistance after all these treatments. Here again, the application of the voltage bias brings out the abnormalities, which can go undetected during conventional XPS analysis or by electrical-only characterization routes.
IV. SUMMARY AND CONCLUSIONS
In summary, we report on detection and investigation of different large structural imperfections of graphene layers by using different data collection modes of XPS. The control of charging properties of the insulating substrate using the flood-gun helps to distinguish between different types of morphological defects. In addition, our experimental results with external bias give information of otherwise invisible defects and suggest that with increasing content of defects the binding energy deviations from the mean significantly increases. Overall, the simple variants of XPS described in this article provide new perspectives for obtaining vital information about type and shape of defect structures on graphene surfaces, and also on their effects to the electrical properties, which might be very useful for improving efficiencies of graphene devices used in electronics. 
